Abstract: This paper develops modeling and describes a control strategy for a modular multilevel converter (MMC) for grid-connected renewable energy systems. The proposed model can be used to simulate MMC activity during normal and faulty situations. Firstly, a dynamic model of a grid-connected MMC (GC-MMC), based upon the symmetrical component of voltages and currents, was designed. Then an adaptive robust control approach was established in order to follow the reference currents of the converter and stabilize the submodule (SM) capacitor voltage. The positive and negative sequences of reference currents that were given from the demanded active and reactive power during grid voltage disturbance and a normal situation were then utilized in control loops. Finally, the numerical results for the performance of the MMC throughout voltage sag conditions and the effect of uncertainties on the filter parameters during changing power demands were evaluated. The results specified that the current control strategy is more potent under voltage sag situations and able to fulfill the stability requirements of the MMC.
Introduction
Recently, the modular multilevel converter (MMC) has gained more importance for different applications such as high-voltage direct current (HVDC) and renewable power generation systems [1, 2] . They can provide high reliability and good harmonic performance in grid-connected converters [3] . In the structure of an MMC, a high number of semiconductor switches and capacitors are employed. A small part of the active power is absorbed by the MMC to retain the voltage of the submodule (SM) capacitors constant as well as compensate the active power losses. However, the voltage of the capacitor can create an imbalance due to a mismatch in conduction and the switching power losses. Balancing the SM capacitor voltages has been a major technical challenge in the latest research [4, 5] . Currently, many kinds of literature on voltage balancing techniques are available. These can be sorted into distributed voltage control approaches and centralized SM selection control approaches [6] . Both contain controlling capacitor voltages based on the control of power electronic switches during the controlled pre-charge and normal operation stages of the power system [7] . Moreover, there have been investigations regarding the execution of an advanced current controller for the MMC.
A combination of model predictive control (MPC) and classical control has previously been presented [8] for the MMC's voltages balancing. In this approach, an arranging method is utilized to accomplish SM capacitor voltage balancing and other control objectives are realized with an MPC strategy. Thus, the number of switching states and computational load on the MPC strategy is considerably reduced [9] . However, the computational complication is one of the main matters in MPC. A new capacitor static voltage balance method based on self-power supply control has been presented elsewhere [10] . In this technique, the SM capacitor voltages are organized from low to high and the minimum SM capacitor voltage is controlled by the regulating of the self-power supply input current. However, the time required for voltage balance will be longer, when an MMC has more SMs.
The literature [11] [12] [13] uses different methods to reduce the capacitance-voltage deviation between SMs. In Reference [14] , the SM capacitor voltage was balanced by a carrier-based pulse width modulation method. This method can better reduce the capacitance-voltage deviation between SMs, but it is necessary to add a controller to each SM for control, which increases the economic cost and system complexity.
In References [15] [16] [17] , if the SM capacitor voltage deviation was within the acceptable range of the system, the SM switching frequency was reduced by different methods. In Reference [16] , the SM operating state was determined according to the direction of the bridge arm current and change trend of the reference voltage. In Reference [17] , a method of fixing the switching frequency was proposed.
In all the aforementioned studies, an inclusive model for assessment of the MMC during unbalanced voltage conditions was absent. Therefore, it is crucial to report on the behavior of the MMC under different voltage disturbances in distribution power systems. Hence, some published studies have taken a look into the control and analysis of the renewable power generation system during faulty conditions in an unbalanced network. In Reference [11] , a grid-connected wind-photovoltaic (PV) hybrid system with battery energy storages was offered in order to increase the integration proportion of renewable energies. In this study, a control strategy was developed to insulate the hybrid power system during a grid fault. Moreover, the study in Reference [12] offered a symmetrical components control algorithm, proposing it for a four-leg, three-phase, grid-connected voltage source converter used for renewable energy resources with wind-solar-battery units. A mechanism of negative and zero sequences injection based on the control of (d, q) current coordinates was introduced. The ability of the entire control system to enhance the unbalanced fault ride-through capability of the distributed power generation system was also evaluated by time domain simulations. Furthermore, in Reference [13] , a shunt active power filter based on a three-level inverter was employed to reduce both the whole switching power losses and total harmonic distortion (THD). The main contribution of this study is its survey of the prospects of the multilevel inverter being involved as a shunt active filter on the control of the reactive power, as well the harmonics mitigation drawn from a nonlinear load and unbalanced sources. Therefore, an intelligent controller is recommended for a three-level shunt active filter to overcome the asymmetrical conditions on the grid voltages and control of DC link voltage.
In general, the objectives and novelties of the current study are described as follows: This paper is classified as follows: Section 2 presents the modeling of the GC-MMC. Then the proposed control scheme is presented in Section 3. Finally, in Section 4, the simulation results are presented with additional details.
Modeling of the Grid-Connected Modular Multilevel Converter
The classic formation of an MMC that is integrated to photovoltaic (PV) units as a renewable energy source is presented in Figure 1 . To explore the dynamic behavior features of a GC-MMC, a precise model is needed. In fact, the developed model in this paper is based on the average modeling technique which has been popularly used in many research papers, i.e., the accelerated switching function model of MMCs used in Reference [18] . This model improves the simulation speed significantly and the Central Processing Unit (CPU) running time is reduced by a third for the tested two-terminal HVDC-link. This can provide significant benefits when studying large HVDC networks that involve many converter stations, as well as various operating conditions, including normal operation, AC fault, DC fault, etc. The mathematic equations of an N-cell MMC are described as follows [14] : The presence of unbalanced voltage disturbance in a grid leads to the utilization of the nonlinear model for the GC-MMC. Thus, expending positive and negative synchronous reference frames is vital. To achieve this goal, firstly, three-phase currents and voltages are measured. Then they are converted into their positive and negative sequence components, which are then served along with the reference current signals to generate the reference voltage signals for the Pulse-Width Modulation (PWM) regulator. A sequence separation scheme is implemented to remove positive and negative sequences [15] .
Fuzzy-Sliding Mode Control of the Grid-Connected Modular Multilevel Converter
The proposed control strategy based on the fuzzy sliding mode approach for a renewable energy system, such as photovoltaic or wind power units, is illustrated by the block diagram in Figure 2 . As illustrated, power-following and fault ride through control of the GC-MMC are two important concerns which should be satisfied by designing a proper control approach. Typically, for each renewable power source, the maximum power point tracker (MPPT) is employed to attain the maximum power at variations of climate conditions and load changes. Thanks to the robust characteristics of sliding mode control (SMC) and the adaptive nature of fuzzy systems, it was possible to combine fuzzy control and SMC. This combination was employed to reduce the chattering problem of SMC and the results were found to be effective. A complementary control strategy for a voltage source converter based on positive and negative symmetrical components was introduced in Reference [19] to investigate the voltage sag ride-through. In this paper, this idea was extended for the MMC and is explained as follows: The first part in the planning of the fuzzy sliding control strategy was describing the current tracking errors, which were realized for positive and negative sequence components as follows: e u dp = (i u dp−re f − i u dp ) e u dn = (i u dn−re f − i u dn ) e u qp = (i u qp−re f − i u qp ) e u qn = (i u qn−re f − i u qn ) e l dp = (i l dp−re f − i l dp )
where i u dp , i u dn , i u qp , i u qn , i l dp , i l dn , i l qp and i l qn are currents of symmetrical dq components which are defined for reference, upper and lower currents, respectively.
Commonly, after modulation, the next step is the activation and deactivation of a number of SMs. Therefore, an algorithm was developed for sorting the capacitor voltages of SMs. On that account, the voltage error between the SM capacitor voltages one step ahead and their references should be considered as follows:
where V c,ref is the reference SM capacitor voltage. Then for each SM, the estimated capacitor voltage V c,j was obtained by the formula below:
where i k,j is the arm current and T s is the control time period. Therefore, the concluding vector for forming the error matrix can be described as follows: 
Then the sliding surface for the nonlinear system was written in Reference [18] as:
where λ is a strict positive parameter which is regulated by the systems' bandwidth. From this stage, the proposed control strategy was implemented as shown in Figure 2 . The details of the fuzzy sliding mode control strategy are explained in Reference [20] .
Simulation Results and Analysis
The entirety of the modeling of the MMC and the design of the control strategy were accomplished in MATLAB/Simulink software in order to monitor the system performance. The nominal parameters which were used for the simulation of power electronic converter and controller are shown in Table 1 . The reference amounts for the real and reactive powers were defined and then applied. The steady-state performance of the MMC regulated by the fuzzy sliding mode control strategy was investigated in this set of tests.
The capacitor voltages which are related to upper and lower cells of Phase A are illustrated in Figure 3 . Considering Equation (3), the control input made the SM voltage track the reference value (5892 V) properly, as depicted in Table 2 . As observed, with the help of the proposed nonlinear control method, the MMC operated stably with balanced submodule capacitor voltages when the reference powers were applied. The three-phase line-to-line voltages are shown in Figure 4a , in which four levels of voltage are undoubtedly observable. It is noticeable that during the charging and discharging of the capacitors, the voltage levels varied within acceptable boundaries. The exploited MMC in this study was a conventional MMC and the simulation results obtained prove that the THD of the output voltage was around 7.56%, taking into consideration the ripple in the capacitor voltages. However, the performance of the proposed control of the MMC showed a significant improvement in its reduction of the THD of the output voltage. Moreover, Figure 4b illustrates the AC side currents. As shown, they were balanced and stable during the fault conditions. The THD of the AC currents was less than 1%. Table 1 . Parameters for the simulation of the whole system. Figure 5 shows the Fast Fourier Transform (FFT) analysis of the output voltage under steady-state conditions. As can be observed, the multiples of second fundamental were significantly suppressed. Additionally, the THD was also reduced.
Nominal Parameters
The circulating current of the leg in Phase A flow, which circulates through the arms and the DC side of the converter, is illustrated in Figure 6 . Due to accurate stabilization of the SM voltage, the circulating current of MMC was suppressed and it balanced the power in the capacitors on the DC side of the MMC. The steady-state simulation confirmed the precise process of the MMC with the proposed technique. In Phase A, voltage sag is considered to drop 20% at t = 2.5 s over 20 ms. In the beginning, the MMC was delivering 0.5 MW active power and 0.2 MVAr reactive power to the grid. As illustrated in Figure 8 , there were oscillations in active and reactive powers during the unbalanced voltage fault. It is observable that the offered current controllers allowed sustained power as demanded by the DC power source during and after the fault. In spite of the imbalance of the AC voltages, the current controller was able to balance the output AC currents. As a result, the active, alongside the reactive powers, started oscillating with the double frequency of an AC grid. Owing to the decoupling between the AC and DC parts, the voltage sag was compensated by the stored energy inside the MMC. Finally, as has been verified, the variation of capacitor voltages were within satisfactory bounds and were not influenced by grid voltage faults, excluding the voltage sag case (c). As illustrated in Figure 9c , the voltage sag due to the double-line-to-ground fault created many oscillations on the active and reactive powers, as well as many distortions of the capacitor voltage. In this situation, a supercapacitor with a high power density would be proposed to absorb the power oscillation during voltage sag and satisfy the voltage ride through condition at the output of the GC-MMC [19] . To observe the performance of the proposed controller, an experimental setup was developed. The test system was connected to a 750-W solar system. Since the system required many input/outputs and a sampling frequency up to 10 kHz, the dSPACE MicroLabBox was used as the real-time interface for the control of the MMC. The experimental setup consisted of a low-power MMC with three levels, as shown in Figure 9 . The parameters of the experimental setup are listed in Table 2 .
The MMC was examined under unbalanced voltage sag. The voltage waveform captured on the oscilloscope for the three-level MMC can be seen in Figure 10 The voltage across the capacitor of module 1 as obtained on the control desk can be seen in Figure 11 . As the voltage was obtained at ν dc ≈ 20 V, it was expected that the average value when the algorithm is active, across any submodule, at any given time, should be approximately 10. The obtained results show that the MMC was stable under voltage sag condition and the proposed controller kept the capacitor voltage in the viable boundary. 
Conclusions
This paper provided a robust current control strategy for the MMC. In view of the unbalanced voltage conditions and the complexity of the nonlinear model, a robust adaptive current control configuration, by means of sliding mode control and fuzzy control, was established for the GC-MMC. The planned control performed appropriately for the MMC and enabled separate control of the symmetrical elements of the grid currents. Additionally, the dynamic response of the MMC throughout voltage sag conditions and the effect of uncertainties on the filter parameters during changing power demands were evaluated numerically. The results specified that the current control strategy is more potent under voltage sag situations and able to fulfill the stability requirements of the MMC.
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